Small micellar casein particles were formed in aqueous solutions of native casein after addition of polyphosphate. These so-called submicelles aggregated and gelled with a rate that increased with increasing temperature. The evolution of the viscosity during this process was determined at constant shear rate or shear stress. When applying a small shear stress the viscosity increased strongly until the shear rate became immeasurably slow, but when the applied shear stress exceeded a critical value (s c ) the aggregates broke up and the viscosity reached a maximum. At longer times the viscosity decreased rapidly at first, followed by a very slow decrease. s c was independent of the shear rate and heating temperature, but increased strongly with increasing casein concentration. At constant shear rate the stress remained close to s c , but fluctuated irregularly. After cessation of shear flow, gels were formed rapidly. Oscillation shear measurements for s > s c showed a strongly non-linear response at the time of maximum viscosity.
INTRODUCTION
Casein is the main component of milk and is present in milk as colloidal complexes called casein micelles that are composed of mainly four different of protein molecules (a s1 , a s1 , b‚ and k-casein) and so-called colloidal calcium phosphate (CCP) [1, 2] . The native casein complexes dissociate if the CCP is removed by calcium chelation or by acidification. Dissociated casein forms small aggregates by association of the hydrophobic parts of the casein molecules. The aggregates resemble soap micelles with a hydrophobic core and a hydrophilic (charged) corona. In accordance with usage in the literature we use the term submicelles to describe these particles. However, we do not imply that the submicelles are already present as such in native casein.
Submicelles are an important ingredient of various food products, notably processed cheese. They have a hydrodynamic radius (R h ) of about 10nm and a weight average molar mass (M W ) of about 3·10 5 g/mol [3, 4] (10-15 casein molecules). The shear flow properties of submicelle suspensions have been reported earlier [5] . It was shown that submicelles behave like soft spheres with an effective specific volume of about 5·10 -3 L/g. The viscosity of the suspensions increased strongly above a critical concentration of about 100g/L that was weakly dependent on the temperature and the ionic strength. The systems showed shear thinning at shear rates above a critical value that decreased with increasing concentration and decreasing temperature.
The submicelles that are formed after chelation of native casein by polyphosphate, aggregate and form self supporting gels if the concentration is sufficiently high [6] . The time needed for gelation (t g ) decreases with increasing concentration and temperature. At room temperature aggregation is very slow and it takes several days for gels to form even at the highest concentration investigated (C = 180 g/L). We mention that casein from which the CCP has been removed by acidification (sodium caseinate) forms micellar particles with almost the same properties, but they do not aggregate at pH > 5.3. The presence of the chelated CCP and the polyphosphate is thus crucial for the formation of bonds between the submicelles. The structure of the aggregates was studied after dilution using light scattering and Cryo-transmission electron microscopy [4] . They were found to be branched strands of connected submicelles with a self similar structure on large length scales.
Pitkowski et al. [6] reported a detailed study of the dynamic mechanical properties in the linear response regime during gelation covering a wide range of concentration and temperatures. The elastic modulus increased with increasing concentration, but was only very weakly temperature dependent. Gels that were formed at C < 40 g/L were too weak for mechanical characterisation, but gelation could be studied using light scattering. The effect of varying the pH was also investigated. The results were independent of pH in the range 5.5 -6.5, but gels produced at lower or at higher pH had a lower elastic modulus and were formed more rapidly.
The aim of the work presented here was to characterize the dynamic mechanical properties of submicelle suspensions during aggregation under shear flow or large amplitude shear oscillation. Understanding the influence of shear flow is important because in industrial applications shear flow is often applied during processing. The system we are studying here is an example of a suspension of aggregating and gelling soft spheres. It is a relatively simple system and wellcharacterized even though the details of the bond formation process are still unknown. Therefore the results reported here may be useful for the understanding of the rheology of aggregating particle suspensions in general [7, 8] .
MATERIALS AND METHODS

MATERIALS
The casein used for this study is native phosphocaseinate (NPCP) that was isolated following a method given by [9] and [10] , and was supplied by INRA-LRTL, Rennes. The chemical composition of the powder is given by [5] . The sodium polyphosphate powder (Joha®, BK Giulini Chemie) contained a mixture of sodium polyphosphates with approximately equal quantities of ortho-, pyro-, tri-and tetraphosphate (between 10 and 15 % each), while the remaining phosphate consisted of larger oligomers as determined by high pressure liquid chromatography.
PREPARATION OF SUBMICELLE SUSPENSIONS
Casein and polyphosphate powders were dissolved separately in Millipore water by stirring for several hours. The casein suspensions were mixed with a concentrated polyphosphate solution in order to obtain the required casein concentration and a polyphosphate concentration of 20 g/L. The pH was set by adding small quantities of 0.1M NaOH or HCl. For most experiments the pH was fixed at 6.0, but the effect of the varying the pH between 5 and 8 was also investigated. Homogeneous submicelle suspensions could be prepared up to about 180 g/L. At higher concentrations the suspensions became extremely viscous and aggregation occurred during preparation even at 20ºC. The casein concentration was determined by measuring the absorption at 280 nm using the extinction coefficient of 0.81 given by [11, 12] .
RHEOLOGY
Shear flow and oscillation measurements were done using a stress-imposed rheometer TA Instruments Rheolyst AR1000 (Guyancourt, France) with a cone -plate geometry (40 mm, 0.58º). The temperature was controlled by a Peltier system and the geometry was covered with paraffin oil to prevent evaporation. Shear flow measurements were done either at constant stress or at constant rate. In the latter case the feedback of the stress controlled rheometer was found to be sufficiently rapid so that only very small variations of the shear rate were observed while the systems evolved. Oscillation measurements were done at frequency 1 Hz.
RESULTS AND DISCUSSION
Shear flow measurements were done on submicelle solutions over a wide range of concentrations and temperatures at pH6.0. The effect of the pH will be briefly discussed below. Figure 1 shows a comparison between the time dependence of the storage (G') and loss (G") moduli and the viscosity measured at a fixed shear rate of 10 s -1 . The shear stress imposed during the oscillation was 1 Pa, i.e. in the linear response regime, see below. The casein concentration was 80 g/L, i.e. a volume fraction of about 0.4, and the temperature was 80ºC. The viscosity of submicelle solutions at these conditions was low, but it increased sharply after 400 s caused by aggregation of the submicelles. The increase of the viscosity was closely correlated to the increase of the shear moduli obtained with small amplitude oscillation. This can be clearly seen from the comparison between the dynamic viscosity calculated from the shear moduli and the viscosity obtained from shear flow measurements.
In the absence of shear flow, the aggregates grow until a system spanning structure is formed at the gel time (t g ) as shown by [6] . Obviously, during continuous shear flow this is not possible. Large aggregates will break and consequently the viscosity stopped increasing and started to fluctuate with time. Unperturbed systems continued to evolve with time after gelation; the shear moduli increased weakly and the systems became more turbid (results not shown). For t >> t g this evolution led to contraction of the gels resulting in syneresis. The systems continued to evolve slowly also under shear flow, but the shear flow became highly irregular and could not be properly characterized using a cone and plate geometry. Figure 2a shows the influence of the shear rate on the viscosity for a submicelle suspension at 100 g/L heated at 80ºC. Before aggregation became important the viscosity did not depend on the shear rate in the range investigated. (The higher values measured at the lowest shear rate are due to the limited sensitivity of the rheometer.) The initial increase of the viscosity caused by aggregation was independent of the shear rate, which suggests that flow induced aggregation in addition to the spontaneous aggregation was not important. The viscosity increased to larger values when the shear rate was lower, presumably because the break-up occurs when the
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Volume 18 · Issue 2 aggregates are larger. It was not possible to determine in-situ the size of the aggregates formed under shear as was done for instance by Serra et al. [13] , because they are too small for direct microscopic observation. The aggregates can be characterized using scattering techniques but need to be diluted first in order to eliminate the effect of interactions. Unfortunately, it was not possible to obtain dilute solutions without avoiding the effects of immediate spontaneous gelation after cessation of the shear flow, see below, and partial break-up after dilution.
The viscosity reached a maximum at a shear stress (s) of about 10 Pa independent of the shear rate, see figure 2b . Apparently, the aggregates break up at a critical shear stress (s c ) independent of the shear rate. The maximum viscosity was reached when the growth of the aggregates matched the shear-induced break-up. The possibility cannot be excluded that the stress varies through the sample and that the local stress felt by the aggregates is higher. Indeed, the fluctuations of the macroscopic shear stress (viscosity) observed at the steady state indicate that the shear flow is not homogeneous. However, one might expect that an inhomogeneous stress distribution depends on the shear rate, which would make the macroscopic value of the critical stress (s c ) dependent on the shear rate. In addition, the viscosity under shear flow is close to the dynamic viscosity measured with small amplitude oscillation, see Figure 1 . We therefore believe that the stress distribution remains homogeneous up to the point where the aggregates start to break-up.
In order to show that s c represents the maximum stress that the system can bear during gelation, we have measured the evolution of the viscosity during shear flow at constant stress. Figure 3 shows the effect of applied stress for a submicelle suspension at 120 g/L heated at 80ºC. If the shear stress was below s c ≈ 15 Pa, the viscosity diverged (the geometry stopped rotating) and a gel was formed. If a larger shear stress was used the viscosity reached a maximum with a value that decreased with increasing stress. Beyond the maximum the viscosity decreased first rapidly followed by a weak decrease at longer times. When the shear stress was fixed the flow remained regular, contrary to the case of constant shear rate, at least for times not very much longer than t g .
The evolution of the viscosity at constant shear rate or at constant shear stress can be rationalized as follows. Initially, aggregation of the submicelles leads to an increase of the viscosity [14] and is measured in the same way at constant rate or stress. At constant shear rate, the aggregation causes an increase of the stress and when a critical value is reached the aggregates break. The break-up starts with the largest aggregates in the system which probably contains a broad range of aggregate sizes. Smaller aggregates continue to grow until they reach a critical size and are also broken by the shear flow. A steady state is reached consisting of a suspension of aggregates with constant average size. The volume fraction of the micelles was high (40 %) implying that the aggregates are in close contact. The steady state is of course dynamic as simultaneously aggregates grow and break. At constant shear rate break-up of aggregates leads to a decrease of the stress which favors cluster growth, which in turns increases the stress. As a consequence the stress and thus the viscosity remains roughly the same. Computer simulations of aggregating particles under shear flow also showed this behaviour [15] .
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Applied Rheology Volume 18 · Issue 2 At constant stress, aggregation leads to a decrease of the shear rate until either the shear rate becomes zero or the aggregates start to break. Break-up of the aggregates leads to an increase of the shear rate and thus to a decrease of the viscosity. Of course, the smaller aggregates continue to grow, but that does not compensate for the break-up as was the case of shear flow at constant shear rate. Again a dynamic steady state is reached of aggregates with an average size that decreases with increasing shear stress.
Both at constant shear stress and at constant shear flow the system continues to evolve slowly, probably because the structure of the aggregates is slowly modified. Clusters have a larger probability to survive in the shear flow if they are denser. The extent of structural modification is probably not very important for short times after t g , because the gels formed after cessation of shear flow shortly after t g were very similar to those formed at rest, see below.
The effect of shear-induced break-up could also be observed using oscillatory shear at different values of maximum applied stress s max , see Figure 4 . For s max < s c , the time dependence of G' and G" was independent of s max and the response of the system was sinusoidal at all times. In this case gel formation was observed. If s max > s c , the apparent values of G' and G" showed a maximum at a time close to t g . Initially, the response remained sinusoidal, see Figure  5a , but close to t g it became highly non-linear, see Figure 5b . The strain (g) as a function of the applied stress close to t g can be qualitatively understood as follows: as long as the stress that is applied during the cycle is small the response is largely elastic, i.e. g is almost in phase with s and g ≈ s. During this time the variation of g is relatively small. When the stress exceeds a critical value the aggregates break and start to shear flow increasingly rapidly. During this stage of the cycle the variation of g is relatively large.
Recently, a similar response was reported in [16] for dense polymeric micelle suspensions that could be understood by a combination of an elastic response and a strongly stress depen-dent shear flow. In that case, the system was in a steady state and the response was the same for subsequent cycles. In the present case, the system evolved and the response during each cycle depended on the history of aggregate breaking and formation. Once the aggregates started breaking, the system became rapidly less elastic with each successive cycle until a steady state was reached that was essentially viscous and the response became again sinusoidal, see Figure 5c .
The recovery of the system after cessation of the steady shear flow was determined by measuring G' and G" in the linear response regime. Figure 6 shows the evolution of the viscosity during the shear flow at a shear stress of 20 Pa and that of G' and G" after cessation of shear flow. For comparison the evolution of the modulus for the same sample without imposing shear flow is also shown. After cessation of the shear flow, the system gelled immediately (weakly frequency dependent G' larger than G"). The initial shear modulus was lower than for gels formed at rest, but it increased with time at 80ºC to approximately the same value. Apparently, a fraction of the aggregates crosslinked immediately after cessation of the shear flow to form a system spanning network. With time more bonds were formed leading to a more densely cross-linked gel.
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Volume 18 · Issue 2 The increase of G' was slower if the temperature was decreased after cessation of the shear flow and it was hardly visible at 20ºC for the duration of the experiment, see Figure 7 . The reason is that the rate of bond formation decreases strongly with decreasing temperature [6] . The gels obtained after recovery at 80ºC are almost indistinguishable from gels obtained at rest if the shear flow was stopped soon after t g . However, a difference between the gels formed at rest and after recovery appeared when the time at which the shear flow was stopped was much larger than t g , probably due to slow densification of the aggregates under shear flow as mentioned above.
The concentration, temperature and pH dependence of the gelation process were discussed in [6] . It was shown that the concentration and the temperature dependences of the gel time were independent and could be described by the following equation: (1) with RT the kinetic energy in kJ/mol and C the casein concentration in g/L. This expression described the observed values of t g within the experimental error over a wide range of concentrations (10 -180g/L) and temperatures (20 -90ºC).
As shown above, the strong increase of the viscosity occurred close to t g . We confirmed this correspondence for a range of concentrations and temperatures. Figure 8 shows the viscosity at constant shear rate of 10 s -1 as a function of time during heating at 77ºC for different casein concentrations. Increasing the casein concentration both accelerated the aggregation process and increased the maximum viscosity. We have verified for each concentration that the viscosity stopped increasing at a critical shear stress independent of the shear rate. Within the rather large scatter s c increased with the concentration as: s c ≈ C 3 , see Figure 9 . The critical shear stress that the system could resist during the gelation process was much smaller than the elastic modulus of the gels. However, the concentration dependence of the latter was weaker: G' ≈ C 2 as shown in [6] . Figure 10 shows the evolution of the viscosity at a shear rate of 10 s -1 for a submicelle suspension with C = 120g/L at different temperatures. At low temperatures the initial viscosity of the suspensions is much higher and one can clearly observe that the viscosity decreases first before increasing. This effect was also observed at room temperature where it occurs over a period of days [5] . It may be caused by reorganisation of the submicelles before they start to aggregate. Increasing the temperature accelerated the aggregation, but had no significant influence on s c . In fact, the values of s c shown in Figure 8 were obtained at several different temperatures, between 40 and 90ºC.
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Applied Rheology Volume 18 · Issue 2 The pH dependence was studied for a submicelle suspension at 120 g/L heated at 90ºC. The effect of varying the pH on the shear flow behaviour was similar to that shown in [6] for the storage shear modulus. The results were independent of the pH between pH 5.5 and pH 6.5. At lower or higher pH the aggregation rate increased and the critical stress decreased. Comparison with the corresponding values of G', see Figure 12 in [6] , showed that the dependence of s c on the pH was similar to that of the shear modulus.
CONCLUSION
In the absence of shear flow, casein submicelles formed a gel with a rate that increased strongly with increasing temperature. During continuous shear flow at constant stress a gel was formed only below a critical stress that increased strongly with increasing concentration, but that was weakly temperature dependent. If s > s c the shear rate reached a maximum as large aggregates broke up before they could form a percolating network. At constant shear rate the stress increased until it stagnated at a value close to s c independent of the shear rate. Imposed oscillatory stress with s max > s c yielded a non-linear response close to the gel time that could be qualitatively understood by stress induced shear flow. 
